background: Prenatal exposure to maternal cigarette smoking or compounds of cigarette smoke is associated with serious reproductive hazards such as apoptotic death of oogonia in murine offspring and decreased fecundability in human offspring. The present study addresses potential effects of in utero exposure to cigarette smoking.
Introduction
The ovaries begin to form during embryonic and fetal development in the first trimester of pregnancy. The primordial germ cells (PGCs) originate in the yolk sac and migrate along the hindgut to the gonadal ridge from around weeks 5 and 6 post-conception (p.c.) (Witschi, 1948; Mckay et al., 1953) . Simultaneously, somatic cells from the mesonephros and the surface epithelium populate the developing ovaries (Byskov and Høyer, 1994) . From around week 6 p.c., the ovary contains 26 000 oogonia and 240 000 somatic cells (Bendsen et al., 2006) . Both cell types increase in number partly by invasion and partly by in situ proliferation, and by week 9 p.c. the number of oogonia has increased to 250 000 and somatic cells to 1.4 million in each ovary (Bendsen et al., 2006) . From around week 9 p.c., the first oogonia of the ovary enter meiosis; however, the majority of oogonia continue in the mitotic cycle until meiosis are initiated (Gondos et al., 1986) . By entering meiosis, they loose the ability to divide mitotically and are now termed oocytes (Byskov, 1982) . Mitotic division of oogonia finishes around 5 months p.c. and the formation of additional oocytes ends (Baker, 1963) . This early development of the ovary and the relation between oogonia and somatic cells is a delicate, finely tuned process. Interfering with ovarian formation during this critical period may have consequences on the number of oocytes a girl is born with and thus on her fertility later on in life (Mattison, 1982; Mattison et al., 1983; Byskov, 1986; Byskov et al., 2005) . Prenatal exposure to hormone modulators is believed to interfere with gonadal formation and may subsequently result in increased incidents of reproductive problems (Zenzes, 2000) . Furthermore, hormone modulators found in smoke from cigarettes, such as polycyclic aromatic hydrocarbons (PAHs) [e.g. benzo [a] pyrene (BaP)], are mutagenic and carcinogenic (IARC et al., 2000) and are important examples of components that damage genes during cell proliferation (Hockley et al., 2007) . In utero exposure to BaP has been reported to result in infertility or a reduced pool of primordial follicles in mice (MacKenzie and Angevine, 1981; Vahakangas et al., 1985; Matikainen et al., 2002) . In addition, in vitro exposure of murine embryonic ovaries to PAHs induced apoptotic death of oogonia (Matikainen et al., 2002) . Furthermore, four studies observed reduced fecundability in women who were exposed to maternal cigarette smoking during prenatal life Wilcox et al., 1989; Jensen et al., 1998; Jensen et al., 2006) , whereas two studies reported contradictory results. (Baird and Wilcox, 1986; Joffe and Barnes, 2000) . However, these observations all rely on information on maternal smoking habits collected retrospectively. When verifying a person's own report on current smoking habits, the metabolite cotinine appears to be a specific and sensitive marker for nicotine from tobacco exposure and is detectable in urine up to 20 h after smoking (Benowitz, 1999; Pickett et al., 2005) .
The aim of this study was to investigate whether human in utero exposure to maternal cigarette smoking during the first trimester is associated with the number of oogonia and somatic cells of the ovary, and whether the ratio between the two cell types was affected. This study includes stereological estimates of the number of oogonia and somatic cells in 29 ovaries including 12 ovaries from embryos younger than 47 days p.c.
Materials and Methods
A total of 29 human first-trimester ovaries (from 38 to 64 days p.c.) are included in this study. They were obtained from legal abortions performed by the same physician following routine procedures for legal abortion with slight modifications (Lutterodt et al., 2009) . Two ovaries were obtained from each of two embryos from a twin pregnancy. One of these ovaries was included in the analysis of cell numbers, whereas the other was used to compare cell numbers of the twins. A urine sample was obtained from each of the 28 women on the day of the abortion. Oral and written information was provided and each woman gave her informed consent according to and approved by 'The Regional Committee on Biomedical Research Ethics, Copenhagen and Frederiksberg Counties' (H-KF (01) 258206).
Patients
Inclusion criteria: healthy first-trimester women, age . 18 years, who were referred by a physician for elective termination of the pregnancy. Exclusion criteria: women on permanent medication, women who suffered from any chronic disease or women who were dependent on an interpreter. The women were aged 18-40 years [25.9 years + 1.2 days (mean + SEM)]. To evaluate whether maternal smoking exposure interfered with the number of oogonia and somatic cells in the embryonic and fetal ovaries, all women completed a questionnaire about their smoking habits during this pregnancy.
Tissue processing and histology
The embryo was dissected under a stereomicroscope. The gonadalmesonephric-duct complexes, 2 -3 mm in length, were identified in situ in the lower retroperitoneal part of the abdomen. If the embryo was damaged during the surgical procedure, one or both ovaries (with or without mesonephros) could often be found floating in the medium that was used for transportation of the tissue. If both ovaries were available, only one randomly chosen ovary was used for stereological counting. The tissue was fixed in Bouin's solution and processed for paraffin embedding performed in an isotopic uniform random way. Serial 45 or 50 mm thick sections were cut and stained according to standard methods with Periodic acid-Schiff reagent and Mayer's hematoxylin (Bie and Berntsen, Denmark). Finally, the female sex (XX) was confirmed by a small piece of embryonic tissue that was snap-frozen in liquid nitrogen for determination of the chromosomal sex, which was performed using the polymerase chain reaction with X-Y homologous primers (Nakahori et al., 1991) . Furthermore, in ovaries in which sex differentiation had taken place, the gender was verified by histology.
Determination of embryonic and fetal age
Age was determined by vaginal ultrasound measurements of the crown rump length. Gestational age was converted into 'age in days p.c.' by subtracting 2 weeks and ranged from 38 to 64 days p.c. The term 'age in days p.c.' used in this study refers to 'the best estimate of the day of conception' relying on the ultrasound measurements. Regarding the effects of smoking on the size/growth of the embryo and fetus, smoke exposure could be suspected to give misleading ultrasound measurements and hereby misjudgement of the cell numbers concerning a certain age. In a recent study, we discussed this issue, and together with another recent report, growth does not seem to be affected by prenatal smoke exposure in the first trimester of pregnancy (Lutterodt et al., 2009; McCowan et al., 2009) .
Cotinine assay
A urine sample from each patient was subject to a cotinine assay to verify the reliability of the pregnant women's own report on their smoking habits. The urine samples were stored at 2208C until assayed. Cotinine concentrations were assessed by ELISA (Cotinine, cat. no: CO096D, Calbiotech, CA, USA) according to the manufacturer's instructions. The sensitivity of the assay was 1 ng/ml. Samples were tested diluted 1:10 and 1:100 for those having an absorbance exceeding the standard curve. The inter-assay coefficient of variation (CV) at a mean concentration of 4.5 ng/ml was 22.7% (n ¼ 7) and CV was 7.2% (n ¼ 7) at a mean concentration of 10.1 ng/ml.
Stereology
The number of cells was estimated by the optical fractionator technique (West et al., 1991) , which provides a precise and unbiased estimate of the total number of oogonia and somatic cells in the ovaries. This technique combines two stereological principles: the optical disector, i.e. a three-dimensional probe for counting cells (Sterio, 1984) and the fractionator, i.e. a systematic uniform random sampling scheme (Gundersen, 1986) . The estimation of cell numbers is based on calculations from three fractions of the organ: the section sampling fraction, the area sampling fraction and the height sampling fraction (West et al., 1991) . The height sampling fraction includes calculations of the mean section thickness, t Q 2, according to Dorph-Petersen et al. (2001) . The total number of cells was then calculated as:
where the SQ 2 is the total number of cells counted in one ovary. The counting was performed on coded glasses by only one person in order to eliminate any interpersonal variation in relation to maternal smoke exposure. Sampling was carried out using a Â100 oil-immersion objective on a computer-assisted microscope (Olympus BH-2, Olympus, Denmark) controlled by the software; 'new Computer Assisted Stereology Toolbox', Visiopharm Integrator system 2.12.1.0 (newCAST, VIS, Visiopharm w , Denmark).
Counting rules and identification of cell types
The identification of cell types relies on the ability to differentiate between oogonia and somatic cells. The oogonia were identified by their large pale spherical nuclei, up to 11 mm in diameter, that take up the most of the cytoplasm; somatic cells have smaller and more irregular, often elongated nuclei. The optical disector and unbiased frame rules (West and Gundersen, 1990) , based on the original physical disector counting rules (Sterio, 1984; Gundersen, 1986) , were used for counting the number of cells.
Precision of the estimate
An average of 148 oogonia and 210 somatic cells was counted in an average of 9.8 sections per ovary. Sectioning such small ovaries is difficult and produces more artefacts than usually expected, rendering some disectors unsuitable for counting. An estimate of these missing disectors was therefore defined by a fourth fraction, 'the artefact sampling fraction': SPðaÞ þ SPðgÞ=SPðaÞ; [disectors with artefacts were marked with (a) whereas disectors without were marked (g)].
The disectors with artefacts accounted for 7.6% of all disectors. The coefficient of error, CE, was calculated according to Gundersen et al. (1999) and a CE of ,0.1 was considered adequate. The CE for the total number of oogonia and somatic cells was 0.09 and 0.07, respectively. The inter-individual CV was 0.73 for oogonia and 0.52 for somatic cells. The sampling was considered optimal when the precision of the estimate CE 2 /CV 2 0.5. For oogonia, the precision of the estimate was 0.02 and for somatic cells 0.02 fulfilling the precision criteria. Furthermore, one ovary was counted twice with an accuracy of 95%.
Data analysis
Linear regression analysis was performed to evaluate (i) the relation between cotinine in urine and smoking habits reported in the questionnaires, (ii) the non-linear correlation between number of cells and age in days p.c. and (iii) the exposed ovarian cells against the non-exposed. Since the dependent variables did not follow a normal distribution, they were converted into logarithmic scales that followed requirements of normal distribution, individuality and homogeneity of variances. One interaction term, 'smoking exposure' and 'age in days p.c.', was entered into the regression analysis. Student's t-test was performed for comparing (i) cell numbers between studies, (ii) means of 'the cell ratio' and 'age in days p.c.' in the two groups of exposed and non-exposed cells and (iii) maternal mean age between smokers and non-smokers. A two-sided P-value ,0.05 was considered statistically significant. All statistical analyses were performed using SPSS 15.0 Chicago, IL, USA.
Results

Number of oogonia and somatic cells
A mean of 49 967 oogonia + 11 080 (mean + SEM) (range: 3977-227 163) and 438 566 somatic cells + 73 966 (mean + SEM) (range: 112 599-1 672 606) was estimated in an average of 9.8 sections per ovary in 28 ovaries in the age range of 38-64 days p.c. These data and the ratio oogonia/somatic cells ordered by increasing age are shown in Table I .
Correlation between number of cells and age in days p.c
The number of oogonia and somatic cells correlated to age in days p.c. is illustrated in the two scatter plots (Fig. 1a and b) . The square and cubic root of the independent values (age in days p.c.) showed significant correlations (P 0.001) by regression analysis, indicating a nonlinear correlation between 'cell number' and 'age in days p.c.' as illustrated by the curves applied to both scatter plots ( Fig. 1a and b) . Further, the number of oogonia and somatic cells of 11 human ovaries estimated by Bendsen et al. (2006) is also shown. Our study includes new data from 12 embryonic ovaries ,47 days p.c. and 16 ovaries from the same age range as obtained by Bendsen et al. !47 days p.c. The cell numbers from these 16 ovaries showed good correlation with those of the 11 ovaries in Bendsen et al.'s study (oogonia, P ¼ 0.48 and somatic cells P ¼ 0.46).
Oogonia and somatic cell numbers in relation to smoking exposure and embryonic age
Of the 28 ovaries, 14 had been exposed to maternal smoking and 14 were non-exposed (Table II) . The 14 ovaries exposed to maternal smoking were further categorized: eight cases referred to women who only smoked occasionally or only a few cigarettes throughout the pregnancy concerned. The remaining six cases included ovaries that were exposed to the following number of cigarettes smoked a day: one exposed to 1-5, one exposed 6 -10, one exposed 11 -15 and three exposed to .16. As the cotinine concentrations in the urine (Table II) correlated well with the women's reported smoking habits (P , 0.009), the reported exposed/non-exposed group numbers were chosen for the analysis. The average age between the group of smokers (26.0 + 6.6 years, mean + SD) and non-smokers (25.9 + 5.4 years, mean + SD) was non-significant (P ¼ 0.95).
For non-exposed ovaries, the mean number of oogonia was 64 398 + 18 856 (mean + SEM) and somatic cells 547 159 + 130 679 (mean + SEM), respectively, with an average fetal age of 50.3 days p.c. For exposed ovaries, the mean number of oogonia was 35 535 + 11 061 (mean + SEM) and somatic cells 329 973 + 62 069 (mean + SEM), respectively, with an average fetal age of 49.3 days p.c. The mean age in days p.c. of non-exposed and exposed embryos and fetuses correlated well (P ¼ 0.74). The number of oogonia and somatic cells in relation to maternal smoke exposure are displayed in Fig. 2a-d . Regression analysis showed that the main effect of prenatal smoke exposure resulted in fewer oogonia in the exposed ovaries than in the non-exposed; however, this reduction was non-significant (P 0.09) (Fig. 2a) , and the interaction term between age in days p.c. and prenatal smoking exposure was not significant (P 0.14) (Fig. 2b) . The main effect on the number of somatic cells was significantly lower in the exposed group than in the non-exposed group (P 0.01) (Fig. 2c) . Further, the interaction term between age in days p.c. and prenatal smoking exposure concerning the somatic cells showed significantly fewer somatic cells as embryonic/fetal age increased, in the group of exposed compared with non-exposed as increases (P 0.005) (Fig. 2d) . There was no histological difference in the morphological appearance between exposed and non-exposed ovaries.
Ratio between number of oogonia and somatic cells
The ratio between oogonia and somatic cells increases with increasing age from 1:45 (in a 38-day p.c. embryo) to the highest ratio of 1:5 (in a 62-day p.c. fetus) ( Table I and Fig. 3) . Figure 4a and b illustrates the ratio between oogonia and somatic cells in two ovaries aged 38 and 61 days p.c., respectively. For non-exposed cells, the lowest ratio was 1:32 (in a 43-day p.c. embryo) and the highest ratio was 1:6 (in 61-and 54-day p.c. fetuses). The ratio in exposed ovaries ranged Fig. 3 ). The ratios between the exposed and nonexposed ovaries were not significantly different (P ¼ 0.49).
Cell number in ovaries from a twin pregnancy
Oogonia and somatic cells from the two ovaries obtained from each of the two 54-day p.c. old twin embryos were counted. The total number of oogonia was 73 745 and 75 753, respectively, with a 97% homogeneity, and the number of somatic cells was 426 336 and 466 973, respectively, with a 91% homogeneity.
Discussion
This study provides new stereological estimates of the number of oogonia and somatic cells in 28 embryonic and fetal human ovaries in relation to exposure to maternal cigarette smoking during the first trimester. Further, to our knowledge, these are the first published stereological estimates of ovarian cell numbers obtained before the age of 47 days p.c. Moreover, we find that the ratio between oogonia and somatic cells increases considerably in ovaries from 38 to 64 days p.c. The number of oogonia and somatic cells estimated in this study follow non-linear growth curves in relation to age and our data are consistent with those published by Bendsen et al. (2006 studies used approved stereological methods (Gundersen et al., 1988) and both determined the embryonic/fetal age from ultrasound examinations rather than from the last menstrual period. Neither Witschi (1962) nor Baker (1963) had access to these methods almost 50 years ago. Witschi estimated the number of germ cells in three human embryos of unknown sex aged 29, 31 and 35 days to be 600, 1400 and 450 using rough approximations based on the germ cell number in a single section of each gonad (Witschi, 1962) . The present study finds the number of oogonia on Day 38 p.c. to be 5-10 times higher. It is unknown whether the developing gonads, prior to sexual differentiation at around week 6 p.c. (42 days p.c.) (Wartenberg, 1982) , are equipped with the same number of PGCs and somatic cells in the male and female. According to Bendsen et al. (2003) , the testis contains 3000 pre-spermatogonia at the beginning of week 6 p.c., whereas the ovary is equipped with at least double the number of oogonia according to this study. We suggest that the female gonad contains a larger number of germ cells than the male counterpart even before sex differentiation starts, and that the number of germ cells in the 35 day p.c. gonad estimated by Witschi is too low, even if the embryo had been a male. In older fetuses around 2 months p.c. (60 days p.c.), Baker (1963) obtained an estimate from two ovaries of 279 000 oogonia per ovary (atretic oogonia not included), whereas we find an average of 140 000 oogonia per ovary in five ovaries (aged 58-62 days p.c.). Thus, based on volumetric calculations, Baker estimated that there were twice as many oogonia when compared with this study. Our results are supported by a recent study on 14 second-trimester ovaries (from week 11 to 21 p.c.) that estimated the number of oogonia/oocytes by stereological methods in week 11 p.c. (refers to Days 63 -69 p.c.) to be around 160 000 (Fowler et al., 2009) . If the confounders mentioned in the present study (i.e. age determination and counting method) only play a minor role, the number of oogonia in human embryos could possibly have decreased over the last 50 years. Several studies indicate that environmental reproductive disruptors such as smoking affect the gonadal formation (Zenzes, 2000) . In the present study, the three non-exposed ovaries (aged 58, 58 and 61 days p.c.) contain an average of 170 000 oogonia, whereas the two exposed ovaries (aged 58 and 62 days p.c.) contain an average of just 90 000 oogonia. Nevertheless, the estimation at 2 months by Baker may be characterized as an outlier, since Fowler et al. report good corroboration with the data of Baker in general. Thus, we cannot conclude that a decrease in the number of oogonia has occurred during the last 50 years.
Figure 2
The regression lines of the log-transformed numbers of oogonia and somatic cells per ovary correlated to age in days p.c. in relation to maternal smoke exposure.
The mean age of exposed and non-exposed embryos and fetuses was significantly similar (P ¼ 0.74). (a) The main effect of prenatal smoke exposure on the number of oogonia shows a tendency towards fewer oogonia in the exposed ovaries (P 0.09). (b) The interaction term between age and smoking habits was not significant (P 0.14) for the number of oogonia per ovary. (c) The main effect of prenatal smoke exposure on the number of somatic cells is revealed as a significantly lower number of somatic cells in exposed cells when compared with non-exposed cells (P 0.01). (d) The interaction term between age and smoking habits showed significantly fewer somatic cells with increasing age (P 0.005).
The two groups, exposed and non-exposed ovaries, correlated well with respect to 'age in days p.c.' and were therefore comparable for data analysis. Our results, regarding the number of oogonia and somatic cells in relation to in utero smoking-related compound exposure, could be substantiated by a dose-dependent relation (i.e. the greater the exposure, the lower the cell number) since 8 of the 14 ovaries in the exposed group were categorized as only 'occasionally exposed'. Our results only indicate a possible relationship between smoking and the number of oogonia; confirmation is still required and might be clarified that an additional number of heavy smokers had been included. Mackenzie and Angevine showed such a dosedependent relation in offspring of mice exposed to BaP in utero. In offspring treated with low dose, the number of follicles was only reduced, whereas high dose resulted in lack of follicles and thus infertility (MacKenzie and Angevine, 1981) . Nevertheless, the number of somatic cells in the present study was significantly lower in regard to both the main effect and in relation to age, suggesting that somatic cells are more sensitive to smoking than the oogonia. Interestingly, a recent study on second-trimester testis exposed to maternal smoking, showed a reduction in the Sertoli cell-specific gene (desert hedgehog, DHH) and suggested DHH to be a part of a mechanism linking maternal smoking with impaired reproductive development in male offspring. However, no significant difference in the number of Leydig, Sertoli or germ cells was shown (Fowler et al., 2008) . The reduced fecundability among women who were prenatally exposed to maternal cigarette smoking is consistent with our findings of a possible trend towards reduced ovarian cell number in the exposed ovaries Wilcox et al., 1989; Jensen et al., 1998; Jensen et al., 2006) . In fact, prenatal smoke exposure may play an important role in the high infertility among women seen in the industrialized countries today, since our results suggest that the embryonic and fetal ovary is sensitive to maternal smoking, even at an apparent low exposure.
Regarding cotinine measurements in urine, the overall concentrations of cotinine confirm the reported smoking habits. The actual concentration in each individual sample, do however, show overlap between the two groups. This probably reflects that the cotinine concentration only reflects the exposure within the last 20 h, including possible momentary passive smoke exposure of non-smokers, which may not show the overall exposure during the pregnancy.
The ratio (irrespective of prenatal smoke exposure or not) between the number of oogonia and somatic cells decreases with a steeper slope from Days 38 to 46 p.c. than afterward, which to our knowledge, has not previously been described in the female ovary.
Figure 3
The ratio between oogonia and somatic cells increases considerably with increasing age from the lowest ratio of 1:45 (in a 38-day p.c. embryo) to the highest ratio of 1:5 (in a 62-day p.c. fetus).
There was no significant difference between the ratio of non-exposed ovaries (illustrated by the grey circles) and the exposed ovaries (illustrated by black squares) (P ¼ 0.49). This increase in ratio may be caused by a higher proliferation rate of the oogonia than the somatic cells in particular during the first weeks, or a faster invasion of PGCs in proportion to somatic cells in the early ovarian developing stages within this time frame or both factors. The number and thereby the proliferation rate of PGCs along their pathway from the yolk sac to the gonadal ridge could possibly be investigated by serial sections of whole embryos stained with, for example, stem cell factor and c-Kit (Hoyer et al., 2005) . After around Day 46 p.c., this tendency seems to be less pronounced in accordance with the increase in ratio found by Bendsen et al., from around 1:8 in week 6 to 1:6 in week 9 (Bendsen et al., 2006) . Even though we did not see a difference in the ratio between the exposed and non-exposed groups, it is conceivable that the ratio between oogonia and somatic cells is essential for the development of normal ovaries, since the oogonia -somatic cell interaction is crucial for the proliferation and survival of the oogonia/oocytes. Thus, oocytes cannot develop and survive without being enclosed in a follicle (Mattison et al., 1983; Hirshfield, 1991) , which is essential for protection against apoptosis (Fulton et al., 2005) . Unfortunately, our results do not evaluate the cellular function in relation to smoke exposure, but merely that the cells are reduced in number. Consequently, it might not only be the number of cells that are essential for the survival of the oocytes and thus the size of the ovarian oocyte pool at birth and in adult life, but probably the cellular function is a key player too.
Whether identical gonadal cell number, as in the present study, is a characteristic between twins is not known. Unfortunately, it could not be clarified whether the twins of this study were homo-or heterozygotic. Perhaps, homozygotic twins have higher likelihood of a similar cell number than heterozygotic ones. Certainly, the ovarian cell number of embryos or fetuses that are evaluated to have the same age by ultrasound measurements differ greatly in between them (e.g. in our three non-exposed 44 days p.c. embryos, the number of oogonia ranged from 5927 to 10 939). However, we have recently shown that human embryos (and first-trimester fetuses) that are evaluated at a similar age by ultrasound present different foot developmental stages, indicating an uncertainty related to the ultrasound evaluations or different growth rates from embryo to embryo (Lutterodt et al., 2009) . A series of gonadal cell number measurements of twin embryos would indeed be interesting.
In conclusion, for the first time, to our knowledge, the number of human oogonia and somatic cells has been stereological estimated before Day 47 p.c., which revealed a considerable difference in the ratio between the two cell types early in pregnancy. Further, we estimated a total of 28 first-trimester ovaries in relation to maternal smoking that showed a significant decrease in the number of somatic cells and a non-significant decrease in the number of oogonia with exposure to maternal smoking. This may have long-ranging consequences on the number of oocytes available in adult life and on fertility. Furthermore, a non-linear relation between the numbers of both cell types in relation to embryonic age was shown and the cell number found in ovaries of twins was found to be almost identical.
